Even with the great advances in immunotherapy in recent years, the response rate to immune checkpoint inhibitor therapy for non-small cell lung cancer is only about 20%. We aimed to identify new features that would better predict which patients can benefit from an immune checkpoint blocker. This study is based on the publicly available gene expression data from The Cancer Genome Atlas lung cancer samples and the newly released mutation annotation data. We performed a comprehensive analysis by correlating patient cytolytic activity index, mutational signatures, and other immune characteristics in four stratified patient groups. The results cytolytic activity index are highly correlated with immune infiltration scores, T cell infiltration scores and TCR clonality scores in lung cancer. In addition, we observed that the mutational event signatures might play a more important role in predicting immunotherapy response in squamous cell carcinoma and two subgroups of adenocarcinomas. Our analysis illustrates the utility of integrating both tumor immune and genomic landscape for a better understanding of immune response in lung cancer.
INTRODUCTION
Non-small cell lung cancer (NSCLC) accounts for more than 85% of incidences of lung cancers. Even with the great advances in immunotherapy in recent years, the response rate to immune checkpoint inhibitor therapy for NSCLC, such as anti-PD1/PDL1 therapy, is only about 20%. Efforts are now underway to identify biomarkers that predict which patients benefit from immune checkpoint blocker, as well as reasons why patients don't respond to the current treatment. A key concept in cancer immunotherapy is that cancer malignant cells, which would normally be recognized by T cells, can develop mechanisms to evade the human immune system by disrupting checkpoint molecules. The goal of effective immunotherapy is thus to restore the ability of the immune system to detect and attack cancer cells. A better understanding of how tumor cells and immune cells interact and contribute to the tumor microenvironment is crucial in improving the efficacy of immunotherapy and in developing alternative treatments. Tumor cells express antigens that can be specifically recognized by immune cells such as T cells and B cells. On the other hand, cancer researchers are interested in whether there is sufficient amount of infiltrating lymphocytes in tumor tissues, their cell type distribution, and what proportion of these immune cells are activated and functional. Preliminary studies (Schumacher & Schreiber, 2015; Snyder et al., 2014) suggest that tumors with high somatic mutation burden which is associated with high neoantigen load are more likely to respond to immune checkpoint inhibition. However, the association between mutational and neoantigen load and clinical outcomes did not reach statistical significance in many current studies, partly due to a still limited number of patient cases. Additionally, mutation burden (Rizvi et al., 2015) combined with high expression of PD-L1 expression is also a potential predictor of response in NSCLS. The presence of tumor-infiltrating lymphocytes (TILs) has also been recognized as a favourable prognostic biomarker across a wide range of cancers. High TIL proportion with elevated TCR clonality is usually associated with increased efficacy of checkpoint blockade immunotherapy. Based on RNA-seq samples in TCGA, (Li et al., 2016a; Li et al., 2016b) has successfully inferred the proportions of immune cell types and complementaritydetermining region 3 (CDR3) sequences of tumor-infiltrating T cells in across 29 cancer types. All these findings and tools have greatly facilitated high-throughput immunity profiling and in-silico discovery of novel immunotherapy targets.
Several recent studies indicate that cytolytic activity plays an important role in the immunoregulatory processes that influence cancer development and therapy response. Based on large-scale genomic datasets of solid tumor, Rooney et al. (2015) showed that the gene signature of cytolytic effector activity, based on the transcript levels of the granzyme A (GZMA) and perforin (PRF1), had an association with neoantign load and suggested potential new mechanisms that enable tumors to resist immune attack. A recent pan-cancer immunogenomic analyses (Charoentong et al., 2017) also reveals that the immunogenicity of the tumor can be represented by the cytolytic activity, and which can be a predictor of response to checkpoint blockade in melanoma. From melanoma patients treated with the anti-CTLA4 antibody ipilimumab, Patel et al. (2017) further found that intratumoral cytolytic activity was strongly correlated with CD8 + T cell infiltration in the tumors and with the expression of the MHC class I antigen processing pathway. However, it is unknown whether the stratification based on cytolytic activity, combined with mutation load and other tumor infiltrating indicators, may reveal new tumor subtypes or patient treatment groups in NSCLS.
To better characterize the relationship among immunogenicity, tumor mutational signature and immune infiltrates in lung cancer, we analyzed all the available molecular data in TCGA based on existing and newly developed bioinformatics tools. We carried out the comprehensive immunogenomic characterization of tumor samples in Lung Adenocarcinoma (TCGA-LUAD) and Lung Squamous Cell Carcinoma (TCGA-LUSC). This analysis was especially timely, given that the full mutation annotation data for LUSC samples was not publicly available until very recently (released by GDC portal in late 2017). Additionally, we investigated the relationships of immune signatures and clinical outcomes, as well as germline mutations among patients with lung cancer. Through correlating all the derived immune, genomic and clinical metrics, we address several questions: how cytolytic activity in lung cancer correlate with mutation load; do the patient stratification analyses based on cytolytic activity and tumor mutational signatures reflect different mechanisms of immune evasion; and whether we can develop a new set of immunogenecity scores, which serve as a more accurate predictor of response to immune checkpoint inhibitor therapy with lung cancers.
METHODS

Data
Molecular data from The Cancer Genome Atlas for Lung Adenocarcinoma (LUAD) and Lung Squamous Cell Carcinoma (LUSC) was downloaded from the cBio Cancer Genomics Portal (http://www.cbioportal.org/), Broad Firehose website (https://gdac.broadinstitute. org/), and from Genomic Data Commons Data Portal (https://portal.gdc.cancer.gov/). A total of 520 LUAD and 504 LUSC patient samples were used to study the immune and genomic signatures (Table S1 ). In this cohort, 515 LUAD and 492 LUSC samples have matched somatic mutation and RNA-seq data. Clinical data for these patients was obtained from cBio portal.
Mutation analysis
Somatic mutation analysis of LUAD and LUSC tumor samples was based on whole exome sequencing (WES) data. We extracted all the identified mutations and their basic information from the publicly available WES mutation annotation format (MAF) files. R package deconstructSigs (version 1.8.0) was employed to infer the contribution of known mutational signatures to the observed mutation profile within each tumor sample (Rosenthal et al., 2016) . We considered the 30 mutational signatures cataloged at COSMIC (http://cancer.sanger.ac.uk/cosmic/signatures) (Alexandrov et al., 2015) . First, the frequency of mutations observed in the 96 tri-nucleotide contexts was calculated for each sample using the ''mut.to.sigs.input'' function. Then, weights of the 30 reference mutational signatures were estimated using ''whichSignatures'' function, with trinucleotide's occurence normalized from exome to genome level. Based on the initial analysis provided at COSMIC, there are seven major mutational signatures presented in LUAD samples and five major signatures in LUSC, which are possibly associated with smoking, age, APOBEC, etc. To explore the potential role of germline variants in lung cancer immunity development, we acquired SNPs genotyped in TCGA with the Affymetrix SNP Array 6.0 from the GDC Legacy Archive portal (https://portal.gdc.cancer.gov/legacy-archive).
Immune profiling based on gene expression
Immune cytolytic activity (CYT) of LUAD and LUSC sample was measured by taking the geometric mean of expression values from two markers GZMA and PRF1 (Rooney et al., 2015) . The gene expression values of tumor samples were calculated based on log2 transformed RSEM (RNA-Seq by Expectation Maximization) values, which are normalized counts provided in broad Firehose portal. CIBERSORT (Newman et al., 2015) algorithm was used to deconvolve immune cell infiltrates in tumor based on RNA-seq gene expression values. We calculated the relative frequency of 22 tumor-infiltrating immune cell subsets in all TCGA lung cancer samples, based on the CIBERSORT default parameters. Additionally, we applied a more recently developed method (Li et al., 2016b) , which only estimates frequencies of six major immune cell subtypes but with an improved algorithm geared towards RNA-seq data. We also compare the above results with the tumor-infiltrating T cell repertoire (TCR) profiles of lung cancer samples, which were inferred based on de novo assembly of complementarity determining region 3 (CDR3) sequences from paired-end RNA-seq (Li et al., 2016a) . Finally, the score for the relative tumor infiltration levels of 24 immune cell types from all available lung cancer samples were calculated based on a method called single sample gene set enrichment analysis ssGSEA (Şenbabaoğlu et al., 2016; Subramanian et al., 2005) . Three immune infiltration scores of TCGA lung cancer patients provided from (Şenbabaoğlu et al., 2016) were also included in this analysis, which are the overall immune infiltration score (IIS), the T cell infiltration score (TIS) and the antigen presenting machinery (APM) score.
Patient stratification analysis based on CYT and mutation burden
Based on the calculated immune cytolytic activity status and mutation load, we select a subset of patients (for each of LUAD and LUSC cohort) with extreme CYT score and mutation load values. These patients are classified into four groups: I, referring to high mutation load and high CYT, II, referring to high mutation load and low CYT, III, referring to low mutation load and high CYT, and IV, referring low mutation load and low CYT. We then compare their mutation spectrum, immune profiles, as well as clinical outcomes. The cut-off values of CYT and mutation load defined the four groups, as well as TCGA sample IDs, are listed in the Supplementary Information.
RESULTS
The mutation load, i.e., total number of mutation (log scale), calculated from the new WES data (GDC late 2017 version) data. The median and range of mutation load values (when converted) are consistent with the estimates of somatic mutation prevalence (number of mutations per megabase) reported in previous studies (Alexandrov et al., 2013) , in which lung cancer samples were ranked second highest in all cancers after melanoma. The median mutation load of LUSC patients is slightly higher than LUAD but with smaller variation. The median CYT values of LUAD and LUSC samples are 7.514 and 7.374, respectively. According to previous analysis (Rooney et al., 2015) , the CYT values for lung cancer is among the highest in all TCGA cancer types, only second to Kidney Renal Clear Cell Carcinoma. The scatterplots of CYT and mutation load as shown in the Fig. S1 , however, indicate that there is no significant correlation (r = 0.03 and 0.08 for LUAD and LUSC samples, respectively) or pattern between the two metrics in lung cancer patients. As such, we selected 100 patients who presented with extreme CYT and mutation load values from the two TCGA lung cancer cohorts for the further stratification analyses. These patients are evenly distributed among four subgroups defined previously, i.e., there are 25 patients in each subgroup. The resulted cutoff levels of CYT and mutation load in each group are listed in the Fig. S1 . These cutoff values were set to select patients with top or bottom of CYT/mutation or their combination in each subgroup. Analysis of the overall survival did not reveal significant difference among these groups. The exact TCGA lung samples assigned to these groups are noted in the Table S1 . Figure 1 is the immune and mutation landscape of stratified TCGA lung cancer samples. There are three main differences in mutational signatures when comparing groups of high mutation load (groups I and II) and low mutation load (groups III and IV) in the LUAD cohort. (1) As expected, mutational landscape of high-mutation groups is clearly driven by signature 4, which is associated with smoking and tobacco mutagens; Signature 4 is significantly enriched in first two subgroups, with a combined median value of 0.55 in groups I and II vs. 0 in groups III and IV. (2) Low-mutation group patients showed more diverse mutational landscape with mutational components well distributed across all 30 types, while the high-mutation group concentrates on few signatures such as 4, 13, 16 and 18. The signature diversity disparity of the four groups are further illustrated by box plots of standard deviations of signature scores in Fig. S3 . (3) Besides smoking signature, it is obvious that signature 1 (likely associated with patient age) and signature 17 (unknown aetiology) are enriched in two low-mutation groups and signature 8 (unknown aetiology) is enriched in two high-mutation groups. A plot reflecting the extent of mutational signature enrichment among four groups are shown in Fig. S4 . However, the three distinct patterns observed in LUAD groups become rather blurred in LUSC groups, except the smoking signatures-with a median signature value of 0.31 vs 0.032 in mutation-high and mutation-low groups. Interestingly, we also found that the mutational signature related to smoking is better correlated with the self-reported smoking status in LUAD than in LUSC, probably because those LUSC patients are more widely affected by tobacco. Most signatures such as signatures 2, 3 and 5 are more equally distributed across high land low mutation groups in LUSC compared to LUAD. The mutations of few LUSC patients are even dominated by unexpected signatures such as signature 7 (associated with ultraviolet light exposure) and signature 15 (more likely to be associated with small cell lung cancer). From LUAD samples, we found that the patients from CYT-high groups have much smaller p-values derived from CIBERSORT, which test the null hypothesis that none of the cells that comprise the signature matrix are presented a sample (Newman et al., 2015) . This finding support a previous study in breast cancer (Ali et al., 2016) , in which the author hypothesized that CIBERSORT p-values reflects the overall proportion of immune cells versus non-immune cells in a given sample. Furthermore, we also observe that the TCR clonality score derived from RNA-seq is much higher in cytolytic high groups. The immune pattern including TCR and CIBERSORT p-value in LUSC is consistent with the finding in LUAD samples. However, we do observe that few LUSC samples with very high immune cell infiltration were classified into group II and IV, and interestingly all of them have low TCR estimates. This finding indicates that TCR estimates correlate better with cytolytic activity and can serve as a better surrogate of CYT values and a potential candidate for immune response prediction in patients with more complicated squamous cell carcinoma. This analysis reveals no significance difference or pattern in terms of mutational signature distributions when comparing CYT-high and CYT-low groups in either LUAD or LUSC cohort. Correspondingly, current data dos not provide sufficient evidence to support the proposition that the smoking signature is associated with higher CYT in lung cancer.
We performed unsupervised clustering based on ssGSEA scores of 24 immune cell types of each lung cancer sample (Fig. S2) cytolytic-high and cytolytic-low groups, as shown in Figs. 2A and 2C . In LUAD, except for one patient, all cases in groups I and III were classified into the second major cluster. In LUSC, except for two patients from group I, all cases in groups I and III were classified into the second major cluster. Patients in this cluster had a significantly higher ssGSEA score of cytotoxic cells and T cells, as well as slightly higher scores of Neutrophils, dendritic cells and B cells. In LUAD, the second cluster also showed significantly higher overall immune infiltration score (IIS), T cell infiltration score (TIS) and antigen presenting machinery (APM) score as defined previously. However, only IIS and TIS scores are consistently higher in the second cluster of LUSC patients. The clustering analysis based on ssGSEA did not reveal any apparent grouping of patients in terms of mutation burden. Next, we focused on the comparison of infiltration scores for six major immune cells (Li et al., 2016b ) among four groups. In LUAD (Fig. 2B) , all the six cell types showed a higher abundance in groups I and III (cytolytic-high groups). In LUSC (Fig. 2D) , only CD8, dendritic cells and Netruophils had apparent higher scores in cytolytic-high groups, with only group III having higher scores of B cells and Macrophage. Overall, the LUAD cohort showed higher infiltration than the LUSC cohort in their cytolytic-high groups. Because the cell deconvolution scores from TIMER are relative abundance, they cannot be used in our application to infer whether LUSC had a higher diversity of cell types as shown in the figures. These results suggest that CYT value is sufficient to distinguish immune infiltration groups while both CYT value and mutation status are important in predicting immune infiltrates in LUSC.
DISCUSSION
In this study, we conducted an in-depth immune and mutation analysis of all non-small cell lung cancer samples in the TCGA database. This analysis is timely because the full mutation annotation information for lung cancer, especially LUSC, only became publicly available very recently. We focus on the comprehensive comparison among patient stratification groups defined by their mutation and cytolytic activity status. We did not find an apparent association between mutation burden and CYT values, which were calculated based on the expression of GZMA and PRF1. Therefore, a total of 100 patients with extreme CYT and mutation burden from each of LUAD and LUSC cohort were selected for further downstream analysis. Patients from these groups did not show any survival differences based on current therapies, but their distinct immune and genomic characteristics might help identify patient groups and novel signatures for a more efficient immunotherapy, as well as the development of combined treatments. Thus, our first hypothesis was that these immunologically and mutational ''cold'' and ''hot'' tumors can have different immunotherapy responses, and the interactions between these two signatures may exist. Our second hypothesis was that the composition and diversity of tumor mutational signatures might provide a more accurate predictor than the total mutation burden. However, the results from decomposing mutational signatures showed that the mutational diversity is totally confounded with total mutation load in the tested samples, suggesting that the mutation reconstruction analysis may not be able to provide additional insights for lung cancer immunotherapy. As expected, the mutation-high patient groups in LUAD and LUSC were dominated by the signature related to smoking, while two mutation-low groups showed more diversity in mutation types. A signature with unknown aetiology (signature 8) was also clearly enriched in LUAD mutation-high groups, but not in LUSC. It is also reasonable to observe that the signature related to age (signature 1) was enriched in the mutation-low LUAD patients. Overall, LUSC samples showed much more complicated mutational composition than LUAD. Nevertheless, both cancer subtypes showed very similar patterns when we compare immune and genomic characteristics of cytolytic-high and cytolytic-low patient groups. We observed that the CYT values are strongly associated with higher total immune infiltration scores, T cell infiltration scores and TCR clonality scores. There were no apparent differences in mutational signatures when we compare different CYT groups. However, we did find that the immunologically hot and mutationhigh patients tend to have higher immune scores compared to other patient groups in LUSC. This finding supports the view that both mutation load and CYT can be important predictors of immune response in LUSC. Based on the frequency table of all immune and genomic characteristics, it remains inconclusive, or even conflicting, regarding whether smoking signature and higher immune infiltrates-or their interactions-will make patient more responsive to immunotherapy. It is interesting to compare our findings with previous reports on immune cytolytic activity analysis. A recent stratification analysis of pancreatic cancer (Balli et al., 2017) also found that high cytolytic activity did not correlate with increased mutation or neoepitope load, but was associated with established subtypes and distinct mutational events. Of note, they also found that LUAD showed a strong correlation between the total numbers of mutations, predicted MHC class I neoepitope load in cytolytic-high tumors. As shown in Fig. S5 , we also found that tumors with high CYT exhibited increase expression of immune checkpoint genes such as CD274 (PDL1), TIGIT, HAVCR2 (TIM3) and CTLA4. Rooney et al. (2015) found that LUAD from ever-smokers had significantly higher CYT. However, we argue that this result should be interpreted with caution because of the strong confounding from the total mutation load. Similarly, any observed association between CYT and mutation events should be carefully examined due to the limited sample size and unknown factors that affect mutation patterns in tumors.
Taken together, we have demonstrated that the utility of integrating both genomic and immune landscape for a better understanding of immune response in lung cancer. Just like the UV signature in melanoma, both mutational and immune profiles of tumors are greatly influenced by mutational signature related to smoking. In the patient groups that are less dominated by the smoking and tobacco event, such as LUSC and the two mutation-low groups in LUAD, we speculate that the reconstruction of mutational compositions plays a more important role in searching for predictive factors underlying therapy response and clinical outcomes. Unfortunately, all the existing studies, including ours, are greatly limited by the lack of samples with immunotherapy response information. To date, TCGA is still the largest public resource of immune and genomic data in cancer. We have observed a substantial heterogeneity in both immune and genomic landscape of lung cancer tumor samples. The LUSC subtype has showed a higher extent of heterogeneity, probably due to the lack of specific driver factors. The tumor infiltration spectrum observed in this study may not represent the general patient population because the TCGA cohorts were biased towards selecting patient samples with higher tumor purity. Thus, it is important to validate our results using intendent lung cancer dataset in the future. Further, we will need to further validate the above hypotheses and potential predictive signatures on coming dataset with the response data to immunotherapies in non-small lung cancer such as anti-PD-1 (Rizvi et al., 2015) . On the basis of our results, we expect that the most reproducible immune predictive signatures for lung cancer shall combine both mutational and gene expression signatures. Our findings also suggest that it will be necessary to look beyond existing molecular decomposition tools and standard tumor/immune scores and to include features from different sources, such as proteomics, metabolomics and mutations in germline.
CONCLUSIONS
In conclusion, combining tumor genomic and immunology profiling will lend valuable insights into the future development of immunotherapy for non-small cell lung cancer. We expect that the proposed analytical strategy will yield more informative results and potential prognostic signatures when more response data will become available as the immune checkpoint inhibitor therapy becomes more widely adopted in the area.
